The role of the Weibel instability is investigated for the first time in the context of the large-scale magnetic reconnection problem. A late-time evolution of magnetic reconnection in relativistic pair plasmas is demonstrated by particle-in-cell (PIC) simulations. In the outflow regions, powerful reconnection jet piles up the magnetic fields and then a tangential discontinuity appears there.
In the context of magnetic reconnection, since magnetic reconnection expels powerful outflow jets from the reconnecting region, it is quite possible that the jets interact with pre-existing plasmas, and then excite an anisotropy-driven instability. In fact, Daughton & Karimabadi [34] reported generation of out-of-plane magnetic field via firehose type instability in their non-relativistic pair plasma reconnection, although its role in reconnection remains unclear.
In the present paper, we study the role of the Weibel instability in the reconnection context. We carry out two-dimensional PIC simulations of relativistic pair plasma reconnection, and we find that the relativistic counter-streaming Weibel instability generates out-of-plane magnetic fields in the downstream region of reconnection outflow. We discuss the properties of the instability, and then we investigate how the Weibel instability affects micro-and macro physics of magnetic reconnection. The paper consists of the following sections. In section II we describe our simulation setup. In section III we present the two-dimensional simulation results, and then in section IV we investigate the properties of the instability. In section V we discuss how the Weibel instability effects plasma dynamics, both in microscopic particle motion and macroscopic reconnection structure. The last section contains discussion and the summary.
II. SIMULATION SETUP
We carry out two-dimensional particle-in-cell (PIC) simulations in a current sheet configuration. As an initial condition, we employ a relativistic extension of the Harris model in GSM-like geometry. The magnetic field, plasma density and plasma distribution functions are described by B = B 0 tanh(z/λ)x, d(z) = d 0 cosh −2 (z/λ) = (γ β n 0 ) cosh −2 (z/λ) and
In the above equations, B 0 is the magnitude of antiparallel magnetic field, λ is the typical thickness of the current sheet, d 0 is the lab-frame number density in the current sheet, n 0 is the proper number density, the subscript s denotes the species ('p' for positrons, 'e' for electrons), β p = −β e = β is the dimensionless drift velocity, γ β is the Lorentz factor for β (γ β = [1 − β 2 ] −1/2 ), ε is the particle energy, u is the relativistic four velocity of u = [1 − ( v/c) 2 ] −1/2 · v and T is the proper temperature including the Boltzmann constant. We set T = mc 2 and β = 0.3, respectively. In addition, a uniform background plasma is added to the system in order to supply plasmas in the reconnection inflow region.
Its number density and temperature are d bg /d 0 = 5% and T bg /mc 2 = 0.1, respectively. In general, the velocity of the reconnection outflow jet is known to be approximately the Alfvén velocity in the inflow region. In the present study, we choose a low-density (5%) background population to obtain fast outflow. Notice that the Harris model with uniform background plasmas exactly satisfies an equilibrium.
The system consists of 1568(x) × 768(z) grids and the typical scale of the current sheet λ is set to 10 grids. Since we consider periodic boundaries in the x direction, and since there are two current layers in the periodic z direction, the boundaries of the main simulation domain are located at x = ±76.8λ and z = ±19.2λ. We use 7.5 × 10 7 super particles in this simulation. One cell contains 6.6 × 10 2 particles at the center of the current sheet. During the very early stage we impose a small artificial electric fieldẼ y around (x, z) = (0, ±3λ).
The resultant E × B flow compresses the current sheet, and then it triggers reconnection around the center of the main simulation domain. The typical spatial ranges of the trigger fieldẼ y are set to (∆x, ∆z) ∼ (±2λ, ±λ). The trigger field soon vanishes after t/τ c = (10 − 15), where τ c = λ/c is the light transit time. We discuss the physics of reconnection in the late stage of t/τ c = (60−120), which is not influenced by this initial perturbation. These conditions are similar to the author's previous study [14] ; but we use a larger simulation box to discuss late-time structure without boundary effects. We call this reference run 'run A'.
The total energy is conserved within an error of 0.1% throughout the simulation run, after the initial trigger force vanishes.
III. RESULTS
Due to the initial perturbation, magnetic reconnection takes place around the center of the main simulation domain. Magnetic field lines start to reconnect at t/τ c ∼ 50, and outflow jets into the ±x directions appear. Figure 1b shows the out-of-plane magnetic field (B y ) structure and the relevant current system in the reconnection outflow region, which is indicated by the rectangle in Figure 1a . The characteristic structure of B y is observed, and its maximum amplitude is B y ∼ 0.6B 0 . In Figure 1c we observe charge separation at the same place and the vertical E z structure (Hereafter the term "vertical" means the z direction). The E z explains both the motional field for B y and the electrostatic field by the charge separation. The time development of the B y structure along the neutral plane is presented in Figure 2 . These B y fields suddenly appear after t/τ c ∼ 64 and then they exponentially grow until they saturate after t/τ c ∼ 80. The instability looks like a convective mode, traveling into the +x-direction. However, actually, it is nearly non-convective purelygrowing mode in the frame of the plasma average flow. The linear growth rate measured by B y growth is τ c ω i ∼ 1.7-1.8 × 10
where Ω p is the typical plasma frequency in the system. The typical spatial scales are 7λ-10λ (x) and ∼ 2λ (z).
Careful observation show that the instability has a two-dimensional rectangular structure.
In Figure 1b . We find that these structures are generated by the two-dimensional Weibel-type instability. In this case, plasmas are highly anisotropic along the x-direction, mainly because the TD pushes away the pre-existing plasmas, and because the reconnection outflow jet penetrates into this region. Therefore, the situation is similar to jet injection [24, 29] or relativistic counterstream [22] , and magnetic generation near the shock [20] in pair plasmas. The instability resides inside the current sheet, where the plasma frequency is high. In addition, the Weibel instability prefers an unmagnetized region, and so an inner current sheet is an ideal place for the instability. The current structure and the charge separation structure indicates the nature of the Weibel-type activity. As schematically explained in Medvedev & Loeb [20] , small B y fluctuation leads to the z-displacement of ±x-streaming plasmas, and then the resultant x-current structure ±δJ x continues to enhance δB y . Thus, the Weibel instability generates magnetic field which is perpendicular to the direction of the anisotropy, and then it leads to the reduction of anisotropy. 
IV. LINEAR ANALYSIS
In order to study the properties of the instability, we have solved the dispersion relation by linearizing relativistic fluid equations. In the Weibel region, plasmas mainly consist of three different components; (i) pre-existing plasmas in the Harris current sheet, (ii) current sheet plasmas, which are reflected by the TD, and (iii) upstream-origin plasmas, which are originally from the reconnection inflow region. Since we set a low plasma density in the reconnection inflow region (5% of the Harris current sheet), the third population is relatively smaller than the other two. Therefore, we employ the counter-streaming model of (i) and (ii) in order to evaluate the Weibel instability. We extend Kazimura et al. [22] 's fluid theory for counter-streaming four fluids (streaming/counter-streaming positrons and electrons), which was originally developed by Califano et al. [29] . Although Kazimura et al. [22] ignored the plasma pressure effect, it is here included. We employ the following relativistic fluid equations;
where p is isotropic plasma pressure, e is the fluid internal energy, the subscript a denotes two kind of streams ('1' for streaming fluids, and '2' for counter-streaming fluids), and
is the relevant Lorentz factor. We also use the continuity equation
We assume the adiabatic gas condition in order to close the equation
where Γ = 5/3-4/3 is the polytropic index of adiabatic gas, We consider a two dimensional
is the wavevector and ω is the complex frequency, and then we linearize all equations for four fluids. Then, we numerically calculate the growth rate (Im ω) for arbitrary wavevector k = (k x , k z ) by solving a matrix problem. For simplicity, the following assumptions are used;
We assume that plasma density is homogeneous, two counter-streams are symmetric, the frame is set to the co-moving frame of the TD, considering that the TD completely reflects the momentum of pre-existing plasmas. In the present case, the simulation data
75) in the frame of interest. Because of the complexity in the simulation system, this analysis does not exactly describe the instability. The density gradient of plasmas, the current sheet thickness, the wavelength of the instability are all comparable, the Weibel region moves to the x-direction slightly slower than the TD (V T D ∼ 0.65c), the local average velocity and the local fluid velocity differs, and local plasma velocities depend on the distance from the TD. However, the goal of our simple theory is to roughly understand the physics. Figure 4 shows the dispersion relation of the two-dimensional mode for k z = 5k x . The linear analysis (bold line) and the simulation data are in good agreement. Further investigation shows that the maximum growth rate is on an order of 0.01-0.02ω p with the relativistic temperature of T = mc 2 , and that the cut-off (decline of the growth rate) is rather sensitive to the counter-streaming velocity. The obtained mode is purely growing, and it has an electromagnetic feature. Because of the mathematical symmetry, we obtain the other oblique modes for (±k x , ±k z ) with the same growth rates. Therefore, the two-dimensional rectangular structure is obtained by superimposing these oblique modes. The change separation structure ( Figure 1c ) in the simulation frame can be explained by the z-displacement by the instability. It reflects both the density gradient inside the current sheet and the Lorentz boost of the fast outflow streams. The electrostatic component of the instability is relatively small.
We can also obtain the growth rate of the instability in counter-streaming cold beams [22] by dropping the plasma pressure effect. (One can remove pressure-related terms from eq. 1 and employ e sa = n sa mc 2 instead of eqs. 5.) For comparison, the growth rate of the cold-beam limit is also presented in Figure 4 (dashed line). Obviously, the instability grows substantially slower than the cold-beam limit. One interpretation is that imposing plasma pressure means the reduction of the anisotropy. In a high temperature limit where the four velocity of the counter-streams is relatively negligible, the distribution becomes close to a single isotropic distribution. Another interpretation is that the relativistic pressure effect slows down the growth rate, as discussed in the relativistic studies on the one-dimensional
Weibel instability [31, 32, 33] . In relativistic temperature regime, it is known that the Weibel instability is re-scaled by Im ω ω p /γ 1/2 in time and (γ 1/2 ck)/ω p in space, whereγ is the typical Lorentz factor of plasma maximum energy [31] . From the viewpoint of relativistic fluids, the enthalpy term in equation 1 increases an effective inertia, and then it slows down the growth rate of the instability. In the present case, the term yields (γ sa /c)
Since it replaces the mass term inside the plasma frequency, the instability in a relativistic hot plasma grows slower than the instability in the cold beam limit by a factor of √ 9 ∼ 3. By comparing the enthalpy term in relativistically hot limit (∼ 4p/c 2 ) and in cold-beam limit (∼ nm), we obtain the slow-down factor of p 1/2 . This is consistent with the scaling of the one-dimensional Weibel instability, by a factor ofγ 1/2 . In summary, the counter-streaming Weibel-type instability slows down by the inertia effect of relativistic pressure. Roughly speaking, the instability is similarly re-scaled by a factor ofγ 1/2 , as the one-dimensional Weibel instability.
The panels in Figure 5 present growth rates of the obtained unstable modes as a function
. Both relativistic pressure case (Fig. 5a ) and the cold-beam limit (Fig. 5b) are shown. The one-dimensional mode along k x = 0 is the conventional Weibel instability, which has electromagnetic features. On the other hand, the mode along k z = 0 is the electrostatic counter-streaming instability. The typical mode in our simulation is (k x , k z ) = (0.15, 0.75) with some amount of ambiguity. As seen in Figure 5a ), the obtained mode is rather close to the one-dimensional Weibel instability. It is important to note that the oblique mode grows slightly faster than the one-dimensional Weibel instability, and this is a signature of the counter-streaming Weibel-type instability. The central region and the right half of Figure 5a are mainly occupied by the electrostatic-like mode. Their growth rate is even faster, however, since our theory depends on the isotropic fluid pressure and the adiabatic condition (eq. 5), we think that our theory may be invalid, especially in the short wavelength range of (c/ω p )| k| 1. In addition, in the high-pressure regime, the two counter-streaming distributions overlap each other. All these conditions are unfavorable to describe the electrostatic modes in the parallel direction. Meanwhile, the cold beam limit ( Roughly speaking, these positrons can be classified into the following three groups. The first group is moving-away positrons, who travels faster than the TD to the +x direction. The rectangle (indicated by the white dashed line in Figure 7b ) is an approximate location of the selected particles at t/τ c = 100. After they are hit by the TD, they continue to escape into the +x region, faster than V T D . The second group is found around 33 < x/λ < 40, z/λ ∼ ±2
in both two panels in Figure 7 . They are located along the magnetic field line, which are connected to the TD. They have relatively small population, and they do not always escape into the +x direction. We discuss the field-line modulation and the current sheet expansion later in this section. The last group is found along the neutral line (z ∼ 0) in Figure 7a . (Fig. 8d ) .
The total reconnected flux Σ|B z | along the neutral plane is the same in runs A and B, because it is controlled by the physics of the upstream region; magnetic reconnection near the X points. Around (x, z) ∼ (0, 0), we observe a small magnetic loop in the current sheet.
This is not a projection of the X-point, but a secondary magnetic island, which appears after t/τ c ∼ 105. Its formation mechanism is unclear. Since these secondary islands are also found in non-relativistic reconnection in pair plasmas [34] , the island formation will be common feature in a low-density current sheet in large scale simulations. Anyway, we do not see an information of large B y -perturbation at x/λ ∼ 20 at t/τ c = 80 (Fig. 2) can not arrive at the X-type region before t/τ c = 100. On a longer time scale, the Weibel instability may have an impact on the reconnection rate since it changes the magnetic field line topology by expanding the current sheet [40] .
In the case of run A, Figure 8b and Figure 8c show the downstream field structure in more detail. In Figure 8b , the magnetic field lines near x/λ ∼ ±1 at the right boundaries are set to connect to x/λ = ±1 at periodic boundaries. The field line shifts to z/λ ∼ 3 at the thickest point due to the current sheet expansion in run A, while the field line stays around z/λ ∼ −1 in run B. In this stage, the Weibel instability is also active outside the neutral line around z/λ ∼ 2, as well as along the neutral line. The xz current system is well developed around the B y regions. Charge distribution (Fig. 8c) is correlated to the x-current system (Fig. 8b) ; we see positron-rich J x > 0 region and electron-rich J x < 0 region. Compared with the early stage in Figure 1 , these structures are rather elongated into x-direction. This is consistent with many studies on Weibel instability; elongated "filament" structure or current channels are commonly observed in well-developed stage of the Weibel instability.
In run B, there is no current system in the xz plane. Regarding the outflow structure in Figure 8d , plasma flow is rather bifurcated in run A, due to the z-displacement of plasmas.
We can see a significant difference in the J y current structure in Figure 8e . In run A, the current region is located in front of the broadened plasma region. The energy conversion J · E mainly takes place in the vertical current front there. In run B, the y-current structure is enhanced around the small spot near the TD, and then energy conversion takes place there.
Regarding the composition of the energy in the system of interest, two runs slightly differ in accordance with the field line topology; the summary of the upstream reconnection field energy Σ(B Figure 9 presents energy spectra in the regions of interest. The spectra of two runs look similar, too. However, in order to distinguish the difference clearer, these spectra are divided into two parts by the TD; in the downstream region of the TD, and in the upstream region of the TD. Note that the TD is located in the further downstream in run A. We observe a high-energy nonthermal tails in their spectra in the upstream side. This is due to dc particle acceleration or piled-up acceleration in the upstream side [11, 14] . In the mid-energy range (20 ε/mc 2 60), run A has slightly more high-energy population. We think this is due to the larger volume of the upstream region. Since particles can stay longer inside the larger upstream region, or the main site of particle acceleration, more particles are accelerated into high energy range in run A. In the low-energy range around ε/mc 2 ∼ 10, We expected that plasma heating is enhanced through multiple interaction by the TD in run A, but the enhancement is too small (even in linear scaling). One reason is that the Weibel region is too small. Furthermore, the Weibel region not only reflects the escaping particles, but also it hits the pre-existing particles. So, as a result, the net effect will be small. Meanwhile, in run B, plasma population is slightly enhanced around ε/mc 2 ∼ 20. It is difficult to discuss this energy range, because too many effects are relevant.
VI. DISCUSSIONS AND SUMMARY
In ion-electron reconnection, it is well known that quadropolar out-of-plane fields B y appears in the vicinity of the X-type region [35, 36, 37] . However, quadropolar structure disappears in pair plasmas with an equal temperature [16] . In the present case, the outof-plane fields are found in the downstream of the reconnection outflow region. Daughton & Karimabadi [34] reported similar structure in non-relativistic pair plasma reconnection, and they argued that it comes from some type of firehose instability. Since both the firehose instability and the Weibel instability belong to the anisotropy-driven instabilities, the generation of the out-of-plane fields in the downstream would be common feature in pair plasma reconnection. We identified that the out-of-plane field B y is generated by the Weibel instability downstream of the TD. A comparison with another run (with B y artificially suppressed) demonstrates that the Weibel instability leads to a significant modulation of the downstream structure; further penetration of outflows, the current sheet expansion and the bifurcated downstream jets. We expect that the formation of "T-shaped current sheet" [12] can be explained by the current sheet expansion by the Weibel instability.
In three dimensions, the Weibel instability also generates the vertical magnetic field ±δB z and the out-of-plane electric field ±δE y . The Weibel instability will lead to a filament-like development of the x-currents, involving small-scale reconnection of perturbed magnetic field lines [38] . The plasma's x-momentum will be transferred to y-momentum as well as to zmomentum. We expect that the TD penetrates further downstream into the outflow region, because plasma x-pressure will be more efficiently scattered. Meanwhile, the current sheet expansion in the downstream region may be less apparent, because all of the x-momentum is not transformed into z-momentum. Regarding the particle acceleration, we will observe more high-energy particles, because the TD will further penetrate into downstream and then the upstream acceleration site expands. In addition, high-energy particles from the upstream region may also be affected by the Weibel fields. In two dimensional case, such high energy particles are rather insensitive to the Weibel region, and low-energy reflected particles bounce between the TD and the Weibel-active region. However, in three dimensions, the Weibel magnetic field can affect high energy particles, especially when it is antiparallel (B z < 0) to the pile-up field. Thus, some higher-energy particles may bounce between the TD and the Weibel-active region. Along with the expansion of the upstream acceleration site, particle acceleration is likely to be enhanced.
Furthermore, we should consider all other instabilities in three dimensions. It is known that the relativistic drift kink instability (RDKI) quickly modulates the current sheet in a relativistic pair plasmas [14, 39] . Its typical growth rate in this configuration is τ c ω i ∼ 0.1, while τ c ω i ∼ 0.03 for the tearing instability. Although the RDKI grows slower than the Weibel instability, the RDKI is a macro instability, and it may inhibit the reconnection process by modulating the current sheet [13] , while the Weibel instability is the sub-product of the reconnection outflow. Since the RDKI slowly widens the current sheet, unmagnetized or weakly magnetized region becomes wider. Therefore, we expect that the Weibel instability is active in a wider region inside the modulated current sheet. In addition, since the Weibel instability involves y-structure, repeated collision between the TD and the Weibel fields may lead to the instability of the TD front in the xy plane (e.g. the interchange instability of the reconnection jet front [41] ). The Weibel instability in three dimensions will be an interesting problem to challenge.
The Weibel instability will also occur under non-relativistic temperature condition of T mc 2 . In this regime, usually the electron skin depth becomes smaller than the other scales like electron gyro radius, and so the Weibel instability occurs in a shorter time/spatial scale in reconnection. As long as it occurs inside reconnection outflow structure, the physics will be the same.
In ion-electron plasmas, the Weibel instability will work for electrons, and then it may contribute to quick electron heating. Although it is not clear whether the sharp TD is formed in the outflow region in ion-electron plasmas, the multiple interaction with the TD will also be possible. Similarly, enhanced heating may also occur near the fast shock or the other discontinuities. In solar cases, it is reported that hard X-ray emission comes from the small spot near the loop top of magnetic field lines [42] . Shock-related electron heating may take place in the downstream of reconnection outflow, and the Weibel instability and the relevant bounce effect may contribute to the enhanced electron heating there. In addition, the Weibel instability may play a role in quick electron heating inside the nanoflare jets, in the context of coronal heating problem.
In more generalized configuration of magnetic reconnection, for example, in magnetic reconnection with uniform guide field B y , the situation will differ substantially. Since the guide field B y scatters x-momentum into z-momentum, the wavevector of the Weibel instability is likely to be in the y direction. However, since the outflow is slower than the antiparallel case, and since the ambient magnetic field B y stabilizes the instability, the Weibel instability will be less active. The situation will be more complicated in relativistic pair plasmas, because charge neutrality often breaks down in the outflow region [15] . Therefore, how plasma anisotropy disappears in the guide field case remains to be solved.
On the viewpoint of energetics, the ultimate energy source of the Weibel instability is the plasma bulk energy of the reconnection jet, which is expelled by the magnetic energy in the inflow region. Initial magnetic energy is converted to plasma energy of reconnection jet, and partially to magnetic energy of the Weibel region. Then, the Weibel activity modifies 
